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Abstract: Swelling, states of water, morphology, stability in the aqueous solution, and 

electro-mechano-chemical bending behaviors of the gelatin/chitosan blend system were 

studied in order to clarify the potential use of this blend system as an actuator.  The 

gelatin/chitosan blend system was prepared in order to avoid dissolution of the pure 

chitosan film system in an aqueous medium and the rigidity and easy degradation of the 

pure gelatin system in the swollen state.  The blend systems showed improved material 

properties: the vacuum-dried blend sample at the G75/C25 (w/w, gelatin/chitosan) ratio 

showed ~ 4 times swelling (in distilled water, at neutral pH and room temperature), ~ 5 

times stability (in distillated water), and ~ 6 times bending (at 6V/53mm and in 0.02 M 

NaCl aqueous solution) as compared to pure gelatin.  These enhanced properties could be 

explained by the introduction of free -OH, -NH2, and –NHOCOCH3 groups of the 

amorphous chitosan in the blend and the network structure through the electrostatic 

interactions between the ammonium (-NH3
+) ions of the chitosan and the carboxylate (-

COO-) ions of the gelatin.  The scanning electron microscopy (SEM) micrographs of the 

surfaces of the blend films showed homogeneous and smooth surfaces due to the good 

miscibility between gelatin and chitosan.  However, a different morphology from the 

fractured surface was found for the pure gelatin and blend systems which showed 

condensed and foliaceous morphologies, respectively.  The leafy morphology indicates a 

large and homogenous pore structure, which would cause increased ion diffusion into the 

gel and might lead to increased bending. 
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Introduction 

  Recently interest is growing in the development of artificial muscle-like actuators.  

An actuator is an energy transducer that can convert a variety of forms of energy into 

mechanical quantities such as displacement, strain, velocity, and stress.  Various 

materials have been used for the development of actuators, including shape-memory 

alloys and electrostrictive and piezoelectric materials 1.  However, for the materials to 

have muscle-like movements, they should be soft and deformable in response to external 

stimuli such as changes in the electric field or temperature.  Polymeric materials such as 

polymer gels 2-3, conducting polymers 4-5, carbon nanotube composites 6-8, and dielectric 

elastomers 9 are some of the most promising materials for artificial muscles because of 

their advantageous properties, such as high processability, softness, high corrosion 

resistance, low manufacturing costs, and operation compliance 2.  Among these materials, 

polymer gels have attracted much attention because of the fluids they contain in their 

three-dimensional network structures, which provide softness as well as high 

biocompatibility.  Polymer gels undergo reversible transformation through dramatic 

swelling and shrinking upon exposure and removal of stimuli such as temperature 10-12, 

pH 13, solvent composition, ionic strength 14-15, and magnetic and electric fields 16-17.  

Amongst these possibilities, an electric field is of most interest, in view of the high 

sensitivity of gels to an electric field and the large amount of mechanical energy 

produced upon exposure 1.  

 

 Gelatin is a high molecular weight polypeptide obtained by the controlled 

hydrolysis of collagen 18.  The major amino acids in gelatin are glycine (30%) and 



 4

proline/hydroxyproline (25%), where frequently occurring sequences are -glycine-X-

proline, -glycine-proline-X and -glycine-X-hydroxyproline, where X may be any amino 

acid 19.  Gelatin is a good film and particle forming material 20 with uses in medicine such 

as in plasma expanders, wound dressings, adhesives, and controlled drug delivery 21, 22.  

However, gelatin has also limitations in practical applications owing to its weak 

mechanical strength and degradation in vivo 23.  Chitosan (produced by alkaline N-

deacetylation of chitin 24) is a poly-amino-saccharid and one of the cationic natural 

functional biopolymers with a repeating structural unit of 2-acetomido-2-deoxy-β-D-

glucose.  Chitosan offers special characteristics, such as biocompatibility, hydrophilicity, 

bioactivity, non-antigenicity, and non-toxicity (its degradation products are natural 

metabolites) 25.  Apart from all these advantages, chitosan has a limitation of being 

instable in an aqueous medium, due to the salt formation between ammonium (-NH3
+) 

ions along the chitosan chains and the carboxylate (-COO-) ions of the acetic acid, which 

is the solvent of chitosan.  The blending of gelatin and chitosan may prove to be 

advantageous, as gelatin and chitosan are natural and biocompatible polyelectrolytes 

which may react in the blend systems to form a polyelectrolytic complex via interactions 

of ammonium (-NH3
+) ions of the chitosan and carboxylate (-COO-) ions of the gelatin.  

 In continuation of our previous efforts to improve the electro-mechano-chemical 

behavior of the gelatin 26, we developed a gelatin/chitosan blend system in order to 

overcome the shortcomings of the complete dissolution of chitosan film in an aqueous 

medium, and the rigidity and easy degradation of gelatin in the swollen state.  In this 

paper, swelling, states of water, morphologies, stability and electro-mechano-chemical 

bending behaviors of the blend films will be reported. 
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Experimental 

Materials  

 Gelatin (Type B, bovine skin) and NaCl (reagent grade, purity 99%) were 

purchased from Sigma Aldrich (Steinheim, Germany).  Urea, sodium hydroxide, and 

acetic acid were acquired from Sigma, Fluka (Buche Switzland), and Duksan, 

respectively, and were used without further purification.  Chitosan was prepared by the 

deacetylation of 10 wt % chitin (red crab) of East Sea of Korea (acquired from the 

Dongbo Chemical Co - Sekcho, Korea) in a 50 wt % NaOH alkali water solution at 110 

oC for 4 h.  The solid portion was filtered and washed throughly with distilled water until 

it became a nearly neutral pH.  It was dried in a vacuum at room temperature, finely cut 

in a knife-milling machine, and sieved through a 60-mesh screen (pore size, 250μm).  

The degree of deacetylation and the viscosity average molecular weight was calculated 

according to the reported methods 27-28.  The chitosan used is summarized in Table 1. 

 

Table 1.Characteristics of the chitin and chitosan used in this study. 

Sample Chitin Chitosan 

Degree of deacetylation (%) 27 65.7 86.7 

Viscosity-averaged molecular weight 
(1Mυ) 29 550,000 112,000 

Ash content (%) 29 1.0 (↓) 0.5 (↓) 

Protein content (wt %) 29 1.0 (↓) 0.5 (↓) 
1Mυ is viscosity-averaged molecular weight calculated using [ ] α

υη Mk.= with k  and α 

of 8.93×10-4 and 0.71, respectively.  
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Preparation of the blend film 

 Chitosan was dissolved in a 0.2 M aqueous acetic acid solution and gelatin was 

dissolved in deionized water at above 45 oC using a water bath.  The concentrations of 

chitosan and the gelatin were 40 and 80 g/L, respectively.  The two solutions were mixed 

for two hours at 45 oC to get a homogeneous blend solution, poured onto a glass Petri 

dish for film casting, and allowed to dry at room temperature.  The dried films were 

removed from the Petri dish and further dried in a vacuum oven at 60 oC until constant 

weight was achieved.  The blend ratio (w/w, gelatin/chitosan) in this paper is expressed 

as GXXCYY, where XX and YY represent the weights of gelatin and chitosan, 

respectively.   

 

Degree of Swelling 

 Rectangular samples of the pure gelatin and blend system (16 × 15 × ~ 0.18 mm3) 

were prepared for swelling experiment.  The prepared samples were thoroughly dried 

under vacuum at 60 oC until constant weight was achieved.  The samples were immersed 

in a vial containing 15 mL of the deionized water at neutral pH and room temperature.  

Each sample was taken out of the vial at regular intervals, wiped between filter papers to 

remove the excess surface water, and then weighed.  The degree of swelling was 

calculated as follow, 

 

100
)(

(%) ×
−

=
W

WW
ratioSwelling O --------- (1) 30 

 

where OW  and W are the weights of the swollen and dried samples, respectively.  
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Measurement of bound and unbound waters 

 States of water in the hydrogel samples were determined by differential scanning 

calorimetery (DSC) using a DuPont 2000 Thermal Analyzer 31.  Each sample was 

immersed in a vial containing 15 mL of the deionized water and allowed to swell until 

equilibrium.  The sealed pan was quickly frozen to -40 oC, left to equilibrate for several 

minutes, and then heated to 40 oC at a scanning speed of 5 oC/min with flow of nitrogen.  

The sample pan was removed from the DSC, dried at 105 oC for 24 hrs, and then weighed.  

The total amount of water was calculated by subtracting the weight of the dried sample 

pan from the total weight of the initial sample pan.  The amounts of unbound and bound 

water were determined from the melting enthalpies as follow,   

 

100)()((%) ×−=−=
f

endo
tubtb Q

Q
WWWW ---------  (2) 30 

 

 where Wt , Wb, and Wub, are the amounts of the total, bound and unbound waters, 

respectively, and endoQ  and fQ are the measured heat of fusion from DSC and the heat of 

fusion of ice (79.9 cal/g), respectively. 

 

Morphology  

 Scanning electron microscopy (SEM) of the freeze-dried films was performed 

using a Hitachi 570.  The freeze-dried samples (16 × 15 × ~ 0.18 mm3) were prepared by 

swelling them to equilibrium in deionized water, blotting with filter paper to remove the 

surface water, freezing in a freezer (IISHIN DF9007) at -70 oC for 30 min, and drying in 
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a drying chamber (IISHIN FD5505) in the frozen state at -54 oC for 16 hours.  The 

prepared samples were then fractured in liquid nitrogen, fixed on the brass holder, and 

coated with platinum for SEM. 

 

Stability in water 

The degree of stability in aqueous solution was examined at neutral pH and room 

temperature.  The air-dried films were weighed, immersed in the vial with an aqueous 

solution, taken out from the vial at intervals of one to five days, dried for 48 hrs in a hood, 

and weighed again.  The degree of stability of the films in the aqueous medium was 

expressed as follow,  

 

100(%)
1

2 ×=
W
WS --------- (3) 32 

 

where 1W  and 2W  are the weights of dried films before and after the experiment, 

respectively.  

 

Electro-mechano-chemical Behavior 

 Electro-mechano-chemical behavior was studied under a DC electric field.  The 

samples (30 × 5 × 0.25 mm3) were fixed at the top of a glass beaker (cantilever type) 

containing 0.02 M NaCl aqueous solution, in which there were two parallel platinum 

electrodes (50 × 10 × 0.31 mm3) 52 mm apart.  The deformation was recorded with a 

digital camera at a fixed position and focus, and the bending was expressed as the ratio of 
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x to y, where x and y are the x-y coordinates of the free end of the film 26, 33, as shown in 

Figure 1. 

 

 

 

Figure 1. Experimental apparatus for the electro-mechano-chemical characterization of 

the hydrogel. 

 

Results and discussion  

 Figure 2 shows FT-IR spectra of the gelatin, chitosan, and the blend (G67C33).  

Pure gelatin (Figure 2a) shows a broad strong peak at 1650 cm-1, which corresponds to 

C=O stretching of the carboxylic acid.  Pure chitosan (Figure 2b) shows a strong peak at 

1680 cm-1, a shoulder at 1630 cm-1 and  a peak at 1538 cm-1 which correspond to C=O 

stretching of the N-acetyl group, scissor vibration of the amine group and ammonium (-

NH3
+) ions, respectively.  The G67C33 blend (Figure 2c) shows double peaks at 1680 

and 1630 cm-1 34, and a peak at 1538 cm-1 with reduced relative intensities at 1680 and 

1538 cm-1 as compared to that at 1630 cm-1, whereas the peak at 1650 cm-1 no longer 

exists.  This might be due to some degree of amidization between the ammonium (-NH3
+) 
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ions of the chitosan and the carboxylate (COO-) ions of the gelatin by the partial 

conversion of electrostatic bonds into chemical bonds (condensation reaction) as 

discussed by Bernable et al 35.    

 

Figure 2. FT-IR spectra of (a) gelatin, (b) chitosan and (c) G67C33; arrows showing the 

peaks are discussed in text. 

  

 Figure 3a shows the degree of swelling as a function of time, calculated using Eq. 

(1) and three independent trials were averaged.  The samples reached equilibrium after ~ 

4 hrs and the equilibrium values were plotted as a function of the blend ratio in Figure 3b.  

The equilibrium swelling has a maximum at G75C25.  The swelling would increase by 

the introduction of free -OH, -HN2, and -NHOCOCH3 groups as the chitosan content 

increases in the blend 28.  However, the increase in chitosan content would also generate 

the network structure (through the electrostatic interaction between the ammonium (-

NH3
+) ions of the chitosan and the carboxylate (-COO-) ions of the gelatin) which causes 
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decrease in swelling due to stiffness of complexed chains.  This combination of opposite 

effects might produce a maximum at G75C25.  Interestingly, the degree of swelling at 

G75C25 is almost 5000 %, which is ~ 4 times that of pure gelatin (~ 800%).  This large 

increase indicates that this blend system has much potential for better electro-mechano-

chemical behavior (as discussed later).    

 

 Figure 3. (a) Swelling ratio in the aqueous solution as a function of time; (●) G100C00, 

(○) G89C11, (▼) G75C25, (�) G57C43 and (■) G33C67; (b) equilibrium swelling ratio 

against blend ratios.  

  

  The kinetics of the swelling can be described by the following second 

order rate equations 36, 

 

2)( WWk
dt

dW
−= ∞

 …………….. (4) 

BtA
W
t

+= …………………… (5) 
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where k , ∞W , W are the rate constant, the maximum (equilibrium) solvent uptake, and the 

amount of the solvent absorbed (per gram of gelatin) at time t, respectively, and ( WW −∞ ) 

is the swelling capacity. A  (=1/ 2
∞K ) and B (=1/ ∞W ) are the intercept and slope of the t/W 

vs. t plot, respectively.  Eq. (5) follows from the integration and rearrangement of Eq. (4).   

Figure 4 shows the linear regression results of the t/W vs. t plot and the resulting 

constants A  and B are given in Table 2.  The straight lines in Figure 4 indicate that the 

blend system indeed follows second-order kinetics, where the rate of swelling at any time 

is directly proportional to the square of the swelling capacity.  Note that similar to the 

equilibrium swelling, both ∞K (rate of swelling) and ∞W  have maximums at G75C25 (see 

Table 2).  

 

Figure 4. Linear regression of the swelling curves (Figure 3); (●) G100C00, (�) G89C11, 

(■) G75C25, (�) G57C43 and (▲) G33C67 using Eq. (5). 
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Table 2.  Linear regression results of Figure 4 using Eq. (5). 

 Sample A 
(min/W1) 

B 
(1/W) 

K ∞ 
(√(W/min))

W∞ 
(W) 

G100C00 0.04979 0.00124 4.4816 806 

G89C11 0.03033 5.97E-04 5.7420 1675 

G75C25 0.01348 1.97 E-04 8.6130 5057 

G57C43 0.02340 5.14 E-04 6.5372 1945 

G33C67 0.02750 6.54 E-04 6.0302 1529 
1W is the percentage of the amount of the solvent absorbed (per gram of gelatin) 
  

Figure 5 shows the DSC thermograms for the swollen samples.  There are three 

types of waters in hydrogel 31, such as unbound (freezing), intermediate (freezing-bound) 

and bound (nonfreezing).  Unbound (freezing) water does not form hydrogen bonds with 

the polymer molecules and shows a melting endotherm in DSC, while bound 

(nonfreezing) water forms hydrogen-bonds and shows no melting endotherm in DSC.  

Intermediate (freezing-bound) water interacts with the polymer molecules but shows a 

melting endotherm.  The endotherm at ~ 0 oC represents the amount of the combined 

unbound and intermediate (freezing-bound) waters.  Thus, the amount of unbound water 

in Eq. (2) includes the intermediate (freezing-bond) water.  The amounts of the different 

states of water were calculated using Eq. (2) and listed in Table 3.  Similar to the 

equilibrium swelling and the kinetics, the unbound water (including intermediate water) 

has a maximum at G75C25.  In contrast, the bounded water did not change much, likely 

due to the nearly constant contact area that is maintained between water and blend film 

by changing the blend ratio.  The melting temperatures were a little bit higher than 0 oC.  
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The slight shift in the melting temperature of the ice was reported for the melting of the 

interior of the ice crystal 37. 

 

 

Figure 5. DSC thermograms of the swollen gel samples of (I) G100C00, (II) G89C11, 

(III) G75C25, (IV) G57C43, and (V) G33C67. 

 

Table 3.  The amounts of the different states of water in the hydrogels calculated using 

Eq. (2). 

Sample Wt 
(%) 

Wub 
(%) 

Wb 
(%) 

G100C00 80.93 19.25 61.68 

G89C11 84.90 20.98 63.92 

G75C25 95.30 31.85 63.45 
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G57C43 88.92 23.19 65.73 

G33C67 85.14 24.61 60.53 

 

Morphology 

 Figure 6 shows the SEM micrographs of the freeze-dried films.  The surfaces of 

the films (Figure 6a - e) are almost closed, homogeneous, and smooth with no porosity 

except for G75C25 and gelatin, which are foliaceous and exhibit small craters, 

respectively.  The homogeneous and smooth surface might be due to the good miscibility 

between gelatin and chitosan 38-39.  The fractured surfaces of the films (Figure 6f - j) 

show open structure (foliaceous morphology) except for the pure gelatin film (Figure 6f), 

which has condensed structure with small pores and thick walls.  The most open structure 

was observed for G75C25, which might be due to increased swelling as earlier discussed.  

The open leafy structure might result in a higher ionic gradient that induces more bending 

in an electro-mechano-chemical experiment due to the easy diffusion of ions through an 

open structure 40-41.  
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Figure 6. SEM micrographs of the blend freeze-dried samples; the surface images of (a) 

G100C00 (b) G89C11 (c) G75C25 and (d) G57C43 and (e) G33C67 and the fractured 

surfaces of (f) G100C00, (g) G89C11 (h) G75C25 (i) G57C43 and (j) G33C67. 

 

Stability study  

 Figure 7 shows the degree of stability (Eq. (3)) in an aqueous solution at neutral 

pH.  The remained weight of G75C25 was more than 90 % for the first 5 days, although 

that of the pure gelatin was ~ 60 % for the first day and dropped to ~ 45 % after 5 days.  

This stability of G75C25 may be due to the strong network structure, as earlier discussed. 

 

 

Figure 7.  The degree of stability (Eq. (3)) of the (●) G100C00, (○) G89C11, (▼) 

G75C25, (�) G57C43 and (■) G33C67 films in aqueous solution at neutral pH. 

 

Electro-mechano-chemical behavior 

 Figure 8 shows the electro-mechano-chemical behavior of the gelatin hydrogel.  

Figures 8a and b show the two-stage bending phenomena, where the initial bending 
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toward the anode changes direction toward the cathode under the applied DC current 

after some time.  Figures 8c - e show the models of the initial and final movements of the 

hydrogels.  The bending of the hydrogel is mainly due to the osmotic pressure difference 

between the anode and cathode sides of the film, i.e. Δ π = π1 - π2 where π1 and π2 are the 

osmotic pressures at the anode and cathode sides, respectively.  Initially, a large amount 

of positive ions will be deposited on the anode surface of the film resulting in higher π2 as 

compared to π1; the large sodium (Na+) ions are difficult to penetrate in the film but 

chloride (Cl-) ions are easy and fast to penetrate in the film.  The higher π2 (at the cathode 

side) would cause more water to penetrate into the gel at the cathode side, which would 

cause the hydrogel to bend towards the anode (Figure 8c).  The accumulated sodium 

(Na+) ions were then diffused into the gel after some time.  This diffusion of the sodium 

(Na+) ions in the hydrogel film might decrease ionic concentration at the anode-side 

inside gel film and lead to in increase in π1, and the bending towards the cathode 33 

(Figure 8d).  However, in contrast to the pure gelatin hydrogel, the blend samples did not 

show a two-stage bending but a bending only towards the anode (Figure 8e), which may 

be attributed to the increase in the fixed ammonium (-NH3
+) ions in the blend which 

would give cationic character to the gel 42.  The ammonium (-NH3
+) ions not only reduce 

the diffusion of positive ions in the gel film (shielding) due to possible repulsive forces 

between the similar charged ammonium (-NH3
+) ions and counter sodium (Na+) ions, but 

also create increased osmotic pressure (mass movement of the chloride (Cl-) ions) at the 

cathode due to likeness of the opposite charged ammonium (-NH3
+) and chloride (Cl-) 

ions, respectively.   
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Figure 8. (a) Bending behavior of the G100C00 film with the dimension of 30 × 5 × 0.25 

mm3 in a 0.02 M NaCl aqueous solution and at a 6V/52mm applied electric field, (b) 

digital camera images of the bending, and (c, d and e) illustrations of the proposed 

osmotic pressure based on bending mechanism. 

 

 Figure 9a shows the elecro-mechano-chemical bending curves at a 6V/52mm 

applied electric field.  The bending showed a maximum at G75C25, in agreement with 

the swelling and morphological results.  The bending of all studied samples reached 

equilibrium after ~ 8 minutes.  The equilibrium bending of G75C25 (~3) was ~ 6 times 

higher than that of the pure gelatin (~ 0.5).  Figure 9b shows the elecro-mechano-

0 min 18min

Anode

28min 40min

Cathode

(b)

0 min 18min

Anode

28min 40min

Cathode

28min 40min

Cathode

(b)



 19

chemical bending curves at 9V/52mm.  The bending ratio as well as the rate of bending 

increases with increase in electric potential, indicating that the increase in the electric 

potential might increase the osmotic pressure as well as the rate of the diffusion of the 

ions.  Figure 9c illustrates the bending of G75C25 in 0.02 M NaCl solution with an 

alternating on (6V/52mm) and off (0V/52mm) electric field.  Good stimuli behavior was 

observed according to the applied electric potential which signifies the effectiveness of 

the gelatin/chitosan blend system for the electro-mechano-chemical bending.  

 



 20

Figure 9. Time courses for bending (toward the anode) of (●)G100C00, (○) G89C11, 

(▼) G75C25, (�) G57C43 and (■) G33C67  (wet state) gel films with the dimension of 

30 × 5 × 0.25 mm3 at (a) 6V/52mm and (b) 9V/52mm applied electric field;  (c) on-and-

off bending behavior of G75C25 at 6V/52mm. 

 

Conclusions 

  The gelatin/chitosan blend system was prepared in order to overcome the 

undesirable properties of chitosan film (which is dissolvable in aqueous medium) and the 

gelatin (which is rigid and easily degraded in the swollen state) and to clarify the 

potential of the blend systems as an actuator.  The blends showed improved material 

properties: the vacuum-dried blend sample at the G75C25 (w/w, gelatin/chitosan) ratio 

showed ~ 4 times swelling (in distilled water, at neutral pH and room temperature), ~ 5 

times stability (in distillated water), and ~ 6 times bending (at 6V/52mm) as compared to 

pure gelatin.  These improved properties might be due to the introduction of free -OH, -

NH2, and -NHOCOCH3 groups of the amorphous chitosan in the blend and the network 

structure through the electrostatic interactions between the ammonium (-NH3
+) ions of 

the chitosan and the carboxylate (-COO-) ions of the gelatin.  The foliaceous morphology, 

as observed from the freeze-dried sample, could explain large swelling in blend samples 

which might enhance ions diffusion and lead to an increase of bending. 
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